Changes in cold hardiness, carbohydrate content and β-amylase gene expression were monitored in the shoots of the highbush blueberry (Vaccinium corymbosum L.) cultivars 'Sharpblue' and 'Jersey' during cold acclimation (CA) and deacclimation (DA). The seasonal patterns were similar in both cultivars, but the levels of cold hardiness determined by electrolyte leakage analysis were significantly different; 'Jersey' was hardier than 'Sharpblue'. Cold hardiness was closely related to total soluble sugar content (r = −0.98** and −0.99** for 'Sharpblue' and 'Jersey', respectively). In 'Jersey', more soluble sugars accumulated during CA. Of the detected soluble sugars, glucose, fructose and raffinose contents were significantly associated with cold hardiness in both cultivars. Sucrose was abundant in both cultivars, and stachyose content changed significantly during CA and DA. However, they were not associated with cold hardiness. A sharp decrease in starch contents in the middle of CA coincided with β-amylase gene (VcBMY) expression, indicating the conversion of starch into soluble sugars. During CA, VcBMY was expressed up to twofold higher in 'Jersey' than in 'Sharpblue'. These results suggest that intraspecies differences in the cold hardiness of highbush blueberries are associated with total soluble sugar content, which is driven partly by differential expression of VcBMY.
Introduction
Blueberry is a popular fruit shrub and a rich source of antioxidants (Borges et al. 2010) . Highbush (Vaccinium corymbosum L.) and rabbiteye blueberries (V. ashei Reade) are the most important species for practical and commercial purposes. However, a lack of winter hardiness and susceptibility to spring frosts are the most critical problems for current blueberry cultivars (Ehlenfeldt et al. 2006 (Ehlenfeldt et al. , 2007 .
Because freezing often causes injury to plants from the cell to the whole plant level, it is a dominant environmental stress affecting the growth, geographical distribution and productivity of horticultural crops (Weiser 1970 , Pearce 2001 . Injuries from freezing include membrane disintegration, cell dehydration due to extracellular ice formation, xylem embolism and physical lesions by frost crack (Pearce 2001 , Morin et al. 2007 .
To survive during harsh winter and regrow the following spring, woody perennials including blueberries change their cold hardiness through the processes of cold acclimation (CA) and deacclimation (DA), which are triggered by changes of daylength and temperature (Thomashow 1999 , Kozlowski and Pallardy 2002 , Kalberer et al. 2006 . Cold acclimation is a complex process involving modification of membrane lipid composition, increase in compatible solutes, enhancement of antioxidative mechanisms and synthesis of protective proteins (Guy 1990 , Thomashow 1999 , Welling and Palva 2008 . Generally, the major changes that occur during CA are reversed during DA (Kalberer et al. 2006) .
Along with the various physiological and biochemical responses during CA, soluble sugars accumulate with enhancing cold hardiness in a wide range of woody perennials (Kozlowski and Pallardy 2002, Welling and Palva 2008) . Accumulated soluble sugars induce freezing point depression and protect cell structures from freezing-induced dehydration (Xin and Browse 2000) , although the mechanisms have not been clearly elucidated. However, the major sugar associated with cold hardiness differs between different species. Sucrose is a major sugar associated with cold hardiness in red raspberry (Palonen et al. 2000) , but no significant correlation between sucrose and cold hardiness has been observed in honeyberry despite greater sucrose abundance (Imanishi et al. 1998) . Glucose and fructose are the major sugars in oak (Morin et al. 2007) , while stachyose and raffinose are associated with cold hardiness in forsythia and quaking aspen (Flinn and Ashworth 1995, Cox and Stushnoff 2001) . Thus, cold hardiness in highbush blueberry shrubs needs to be studied in relation to soluble sugars content and their composition.
Numerous genes associated with cold hardiness in woody perennials have recently been identified using expressed sequence tag sequencing, cDNA microarrays and subtractive hybridization (Dhanaraj et al. 2004 , Naik et al. 2007 , Welling and Palva 2008 . A number of genes related to dehydrins, early light-inducible proteins and late embryogenesis abundant proteins were upregulated in the floral buds of blueberry during CA (Naik et al. 2007 ). β-Amylase gene was also upregulated during CA and has been implicated in cold hardiness, as it catalyzes the degradation of starch to oligomeric carbohydrates which presumably act as osmoprotectants and membrane stabilizers (Kozlowski and Pallardy 2002, Naik et al. 2007) .
Cold hardiness varies widely among Vaccinium species , Dhanaraj et al. 2005 , Ehlenfeldt et al. 2006 . However, previous studies focused on interspecies differences in cold hardiness and the expression of CA-associated dehydrins between highbush and rabbiteye blueberries, suggesting a correlation between cold hardiness and dehydrins , Dhanaraj et al. 2005 . In this study, (i) seasonal differences in cold hardiness were investigated in two highbush blueberry cultivars that represent a range of cold hardiness levels under field conditions, (ii) the dynamics of soluble sugar content and β-amylase gene expression were determined and (iii) the correlation between soluble sugar content and the cold hardiness of highbush blueberry was analyzed. This information will help improve understanding of the kinetics of cold hardiness and the usefulness of soluble sugars as a determination factor for cold hardiness in highbush blueberry.
Materials and methods

Plant materials and meteorological condition
Ten-year-old highbush blueberry (V. corymbosum cvs. Sharpblue and Jersey) shrubs were grown in the experimental orchard at Seoul National University, Suwon (37°17′N, 127°00′E), Korea. These cultivars were expected to represent different cold hardiness levels based on our preliminary experiments (data not shown) and their genetic composition (Darrow and Scott 1966, Ehlenfeldt 1994) . 'Jersey', a northern highbush blueberry cultivar, is entirely composed of V. corymbosum, while 'Sharpblue' has various southern germplasms (Table 1 ). In 'Jersey', leaf fall occurred in late fall, while 'Sharpblue' retained its leaves in a dried state through the winter but shed them as young growth started in spring as reported by Trehane (2004) and Yarborough (2006) . Bud break in both cultivars did not occur until March.
The daily mean and monthly minimum air temperatures at the experimental site from September 2010 to March 2011 were obtained from the Korea Meteorological Administration (Figure 1a ).
Cold hardiness determination using electrolyte leakage analysis
The cold hardiness of the blueberry shoot was determined by measuring electrolyte leakage (EL) using the method described by Pagter et al. (2008) with slight modifications. Thirty terminal shoots were randomly collected from the upper portion of the three shrubs and wrapped in moist paper within a plastic bag to prevent dehydration. The shoot segments were rinsed under running cold deionized water for 15 s and then placed in a conical tube. The tubes were incubated in a bath circulator (RW-1040W, Jeio Tech, Seoul, Korea) equipped with a temperature controller (UP351E, Yokogawa Electric Korea, Seoul, Korea) and cooled at a rate of 2 °C h −1 until they reached −1 °C. After being maintained at −1 °C for 1 h, the tubes were cooled at a rate of 5 °C h −1 until the target temperatures were reached, and were maintained for 2 h at each target temperature. The tubes were then withdrawn and thawed overnight at 4 °C. The temperatures were monitored with a copper-constantan Table 1 . Genetic composition of 'Sharpblue' and 'Jersey' highbush blueberry cultivars (Darrow and Scott 1966, Ehlenfeldt 1994 thermocouple and a data logger (CR-1000, Campbell Scientific, Inc., Logan, UT, USA). After the freezing treatment, the shoots were cut into 1-cmlong sections, placed in a 15-ml conical tube containing 8 ml deionized water and vacuum-infiltrated for 3 min. The tubes were incubated at room temperature for 20 h with gentle agitation, and the electrical conductivity of the aliquots was then measured using a conductivity meter (Model 1461-81, ColeParmer, Vernon Hills, IL, USA). Electrical conductivity was measured again after autoclaving at 120 °C for 30 min. LT 50 , the temperature where 50% injury occurred, was estimated from an asymmetric sigmoid curve constructed with the Gompertz function, fitting to the percent injury data calculated by analyzed EL using the method of Lim and Arora (1998) .
Carbohydrate analysis
Nine shoots from the same shrubs used in cold hardiness determination were collected to analyze carbohydrate contents monthly from September 2010 to March 2011. The shoot segments were immediately frozen in liquid N 2 , subsequently lyophilized, ground using a mill (Thomas Wiley ® Mini Mill 3383-L10, Thomas Scientific, Swedesboro, NJ, USA) with a 60-mesh sieve and stored at −80 °C as powder until used for analysis.
One hundred milligrams of the powder were incubated with 1 ml 80% ethanol at 85 °C for 15 min. After centrifugation at 6300 g for 5 min, the supernatants were collected and the pellets were re-extracted twice as described above. The combined supernatants were evaporated using an evaporator (N-EVAP™, Organomation Associates, Inc., West Berlin, MA, USA) with N 2 at 60 °C, and the pellets were saved for further starch analysis. The evaporated extracts were dissolved in 3 ml distilled water, and purified using a nylon syringe filter (0.45 µm pore size, Acrodisc ® , Pall Co., Ann Arbor, MI, USA) and C18 Sep-Pak cartridge (Waters Associates, Milford, MA, USA), as described by González-Rossia et al. (2008) . The soluble sugars were analyzed using high-performance liquid chromatography (HPLC) (UltiMate 3000, Dionex, Sunnyvale, CA, USA) connected to a Shodex RI-101 detector (Showa Denko K.K., Kawasaki, Japan). Ten microliters of the filtered extract were injected into a Sugar-Pak column kept at 75 °C and distilled water was used as a solvent at a flow rate of 0.5 ml min −1 . Starch in the remaining pellet was hydrolyzed to glucose with amyloglucosidase (A7095, Sigma-Aldrich Korea Ltd., Yongin, Korea) and α-amylase (A3404, Sigma-Aldrich Korea Ltd.), and the released glucose was then determined with HPLC (Smith and Zeeman 2006) .
RNA extraction and quantitative real-time polymerase chain reaction analysis
As a target gene related to carbohydrate metabolism, blueberry β-amylase (VcBMY) (GenBank accession no. JQ911593) registered by our laboratory was selected. To examine the patterns of VcBMY expression, shoots were collected monthly from November 2010 to February 2011. Total RNA was extracted according to the protocol described by Gasic et al. (2004) . To prevent any genomic DNA contamination, total RNA was treated with DNase I (Invitrogen, Carlsbad, CA, USA). The first-strand cDNA (6 µg total RNA) was synthesized using Superscript II (Invitrogen) and Oligo dT18 according to the manufacturer's instructions.
The expression of VcBMY was quantified by performing quantitative real-time polymerase chain reaction with SYTO ® 9 green fluorescent nucleic acid stain (Invitrogen) using a Rotor-Gene™ 2000 Real-Time Cycler (Corbett Research, Mortlake, Australia). The primers for VcBMY amplification were designed using the P3 website http://frodo.wi.mit.edu/primer3/ as follows: forward 5′-CGA TGA ATG CCA GTT TGA TG-3′ and reverse 5′-GGA ATG CTG CAA GAG TCT CC-3′. The metallothionein gene (MET) (GenBank accession no. CF811253) was used as a housekeeping gene to normalize the quantification of expression and its primers were designed according to Naik et al. (2007) as follows: forward 5′-ACC CTG ACA TGA GCT TCT CG-3′ and reverse 5′-ACC CAA ATC TCT GCT TGC TG-3′. Quantification and expression analysis were performed using the Rotor-Gene™ 6000 Real-Time Rotary Analyzer software (Corbett Research).
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Statistical analysis
Statistical differences were assessed via analysis of variance with the SAS 9.2 software package (SAS Institute Inc., Cary, NC, USA). T-test of the data and correlation analysis were performed using the SigmaPlot 10.0 program (Systat Software, Inc., San Jose, CA, USA).
Results
Seasonal changes in cold hardiness
LT 50 values in the shoots of both highbush blueberry cultivars changed coincidently with daily mean or monthly minimum air temperature (Figure 1a and b) . Based on LT 50 values, the cold hardiness in the shoots varied significantly during CA and DA: 'Jersey' was hardier to cold than 'Sharpblue' (Figure 1b) . The shoots showed minimum cold hardiness in September 2010 (LT 50 of −7.7 and −9.1 °C for 'Sharpblue' and 'Jersey', respectively). As CA progressed, the cold hardiness increased and its difference between the two cultivars became more apparent. In January, LT 50 decreased to −28.2 and −34.3 °C for 'Sharpblue' and 'Jersey', respectively. The LT 50 increased in March to −20.2 and −22.8 °C for 'Sharpblue' and 'Jersey', respectively.
Seasonal changes in carbohydrate content
The total soluble sugar content in the shoots of the two highbush blueberry cultivars rapidly increased during CA, reached its maximum level in December and then decreased thereafter (Figure 2a) . Maximum total soluble sugar contents were 62.7 and 79.1 mg g −1 dry weight for 'Sharpblue' and 'Jersey', respectively. Total soluble sugar contents between November 2010 and February 2011 were significantly higher in 'Jersey' than in 'Sharpblue'.
The starch content also increased during early CA (Figure 2b) . However, the slope of increase was not similar to that in the total soluble sugar content, because the starch content was already high in September. During this period, starch content was higher in 'Jersey' than in 'Sharpblue'. Maximum starch content was attained in November: 69.3 and 77.3 mg g −1 dry weight for 'Sharpblue' and 'Jersey', respectively (Figure 2b ). After maximum, the starch content decreased markedly until February and abruptly increased again in March in both cultivars (Figure 2b) . Unlike in the total soluble sugar content during this period, no significant differences were observed in the starch content between the two cultivars, presumably due to the sharp decrease in 'Jersey'.
Five soluble sugars (glucose, fructose, sucrose, raffinose and stachyose) were detected in the shoots of the two highbush blueberry cultivars during CA and DA (Figure 3) . The major soluble sugars were glucose, fructose and sucrose. Glucose and fructose contents increased sharply during CA, reached a maximum in December 2010 and then decreased thereafter (Figure 3a and b) . In 'Jersey', changes in glucose and fructose contents underwent a lag phase between January and February 2011, while those in 'Sharpblue' continuously decreased. Sucrose content increased steadily during CA and DA in 'Sharpblue', but fluctuated in 'Jersey' (Figure 3c ). Raffinose increased during CA and decreased during DA (Figure 3d ), while stachyose contents showed a tendency to increase (Figure 3e ). During DA, the raffinose content was significantly higher in 'Jersey' than in 'Sharpblue'. Although raffinose and stachyose contents changed significantly during CA and DA, they were in minor quantities (Figure 3d and e).
Cold-induced VcBMY expression
VcBMY expression in the shoots of the two highbush blueberry cultivars became detectable in November 2010. The expression levels of VcBMY, which were normalized to the MET housekeeping gene (Naik et al. 2007) , increased significantly in both cultivars during CA (Figure 4) . In January 2011, the relative expression of VcBMY was almost twofold higher in 'Jersey' than in 'Sharpblue'.
Correlation between cold hardiness and carbohydrate content
The cold hardiness was negatively correlated with total soluble sugar content in both cultivars (r = −0.98** and −0.99** for 'Sharpblue' and 'Jersey', respectively; Table 2 ). Of the detected soluble sugars, glucose, fructose and raffinose contents negatively correlated with cold hardiness. The correlations between cold hardiness and the level of each soluble sugar were closer in 'Sharpblue' than in 'Jersey' (Table 2) . Although considerable amount of sucrose and starch maintained in the shoots of the two cultivars during CA and DA, they had no significant correlation with cold hardiness. Stachyose in the shoots of the two cultivars had no significant correlation with cold hardiness (Table 2) .
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Discussion
Cold hardiness in the shoots of the two highbush blueberry cultivars was highly dependent on air temperature (Figure 1a and b). There was highly significant correlation between cold hardiness and air temperature (data not shown). Considering the air temperature (Figure 1a) , the two highbush blueberry cultivars could attain to the maximum level of cold hardiness before January. That is because woody perennials might complete CA and attain to the maximum cold hardiness to survive before the coldest month (Lim and Arora 1998) . Mid-winter cold hardiness is often estimated in the floral buds of highbush and rabbiteye blueberries by scoring the discoloration of florets after the freeze-thaw test (Ehlenfeldt et al. 2006 , Rowland et al. 2008b ). However, visual observation of damaged floret discoloration was greatly dependent on where the florets were cut for the observation (data not shown). Thus, their cold hardiness cannot be estimated precisely. In this study, EL analysis on the shoot was employed to precisely estimate seasonal cold hardiness in the two highbush blueberry cultivars. EL analysis data at various freezing temperatures fitted well to the Gompertz function as described in the method of Lim and Arora (1998) .
Cold hardiness in the shoots of the two highbush blueberry cultivars was rapidly strengthened during CA and weakened during DA as in other woody perennials (Lim and Arora 1998 , Pagter et al. 2008 , Lenahan et al. 2010 . Although the development patterns of cold hardiness were similar in both cultivars, 'Jersey' was significantly hardier than 'Sharpblue' during both CA and DA (P < 0.001) (Figure 1b) , which may be related to the genetic composition (Table 1) . Ehlenfeldt et al. (2006) reported that 25 rabbiteye blueberry cultivars showed a wide range of cold hardiness based on LT 50 values, from −13.7 to −24.9 °C depending on their genetic composition. Derivatives of V. ashei were increasingly hardy with increasing percentage of V. constablaei in their genetic backgrounds (Ehlenfeldt et al. 2007) .
In plant tissues, an increase in total soluble sugar content is generally associated with a decrease in starch content. However, the changes in soluble sugar and starch contents during CA and DA (Figures 2 and 3) were not consistent in the shoots of the two highbush blueberry cultivars. During the early CA, from September to November, starch content increased along with the total soluble sugar content in the shoots of the two highbush blueberry cultivars (Figure 2 ). The increase of starch content during this period might be due to compounds translocated from leaves to perennial parts like shoots (Charrier and Améglio 2011) . The significant decrease in starch content between November and December was associated with the significant increase in total soluble sugar content via the hydrolysis of starch into soluble sugars for strengthening cold hardiness (Figure 2b ). In spite of the decrease of starch content during late CA and DA, the total soluble sugar content was also decreased (Figure 2a and b) . These observations might be due to the metabolic processes such as respiration of deciduous woody perennials for preparing growth resumption (Morin et al. 2007) . Greater decrease of starch content in 'Jersey' than in 'Sharpblue' (Figure 2 ) coincided with higher VcBMY expression in 'Jersey' than in 'Sharpblue' during this period (Figure 4) , representing higher metabolic activities in 'Jersey'. The decrease in soluble sugars along with the abrupt increase in starch content between February and March might be associated with conversion of soluble sugars into starch to prepare for growth resumption. Carbohydrates translocated from major reserves including roots and main branches could also increase the starch content in the terminal shoots of the two highbush blueberry cultivars. Therefore, starch content could not be significantly correlated with cold hardiness (Table 2) in spite of its important role in developing and maintaining cold hardiness of deciduous woody perennials including blueberries. On the other hand, the decrease of sucrose content in 'Jersey' between January and February 2011 might be due to its hydrolysis into glucose and fructose, resulting in the maintenance of high glucose and fructose contents (Figure 3a-c) . Therefore, the interconversion of soluble sugars and starch by the action of enzymes might not be the only factor determining the seasonal change of soluble sugar and starch contents in woody perennials like blueberries. Metabolic processes during dormancy and growth resumption, and carbohydrate translocation from various reserves will also affect the changes.
The different soluble sugar and starch contents in the two highbush blueberry cultivars were affected by the differential expression of VcBMY. The relative expression of VcBMY was up to twofold higher in 'Jersey' than in 'Sharpblue' (Figure 4) , suggesting the increase in expression of other genes for inducing metabolic processes or maintaining cold hardiness. An interspecies difference in VcBMY expression has previously been reported in the genus Vaccinium (Rowland et al. 2008a) . Specifically, the relative expression of VcBMY was higher in the floral buds of the cold-hardy species V. corymbosum than in those of the cold-sensitive V. ashei. β-Amylase, an exoamylase that hydrolyzes the α-1,4-glycosidic linkage of polyglucan chains at the non-reducing end to produce maltose, is encoded by a small nine-member gene family in Arabidopsis (Kaplan et al. 2006) . Among the Arabidopsis β-amylase genes, BMY8 (At4g17090), which is localized to the chloroplast stroma, shows the highest similarity to VcBMY. BMY8 was expressed in Arabidopsis as early as after 2 h of exposure to cold stress (Seik et al. 2001) , and 15-and 13-fold increases were observed at 5 and 0 °C, respectively (Kaplan and Guy 2004) . Starch-sugar interconversions have been confirmed to be mediated partly by β-amylase and its product, maltose (Nielsen et al. 1997 , Seik et al. 2001 , Kaplan et al. 2006 ).
Cold hardiness was closely related to total soluble sugar content in the shoots of the two blueberry cultivars (Table 2) , but in 'Jersey', more soluble sugars were accumulated during CA (Figures 2 and 3) . Among the soluble sugars, glucose could be derived from sucrose and maltose. However, maltose was not detected during CA in the present study. Maltose could be differentiated from sucrose in our HPLC analysis; the retention times of sucrose and maltose were 7.45 and 7.56 min, respectively. Neither peak corresponding to the retention time of maltose nor shoulders in the peak corresponding to the retention time of sucrose were detected in the samples (data not shown). From this observation, we speculated that maltose pool in the shoots of the two blueberry cultivars had already vanished during fall before CA. Similarly, Sauter and Van Cleve (1993) reported that maltose pool in the tissues of poplar was transient during fall and readily vanished around the period of leaf fall. In Arabidopsis, however, maltose accumulation was important to cope with acute cold-shock (Kaplan and Guy 2004) .
Mechanisms responsible for soluble sugars influencing cold hardiness could be explained in many ways. Soluble sugars act as osmoprotectants for preventing intracellular freezing (Thomashow 1999, Xin and Browse 2000) . Soluble sugars at high concentration facilitate deep supercooling in plant tissues by depressing the nucleation temperature (Kasuga et al. 2007 ). An increase in soluble sugars lowers the freezing point of intracellular water by 1.86 °C per mole of solute dissolved per kilogram of water (Morin et al. 2007 ). Soluble sugars also protect membranes and macromolecules including proteins and lipid bilayers from freeze-induced dehydration (Buitink and Leprince 2004 , Shao et al. 2006 , Korn et al. 2008 , Krasensky and Jonak 2012 . For example, some soluble sugars have been proposed to form glass within the cell, leading to H-bonding between OH groups on sugars and proteins in the dry state, thereby replacing water molecules and stabilizing the 3D structure of proteins (Hincha et al. 2006 , Livingston et al. 2009 ).
The intraspecies differences in cold hardiness for both highbush blueberry cultivars in this study were closely related to the soluble sugar content. The soluble sugars accumulated at relatively higher levels in 'Jersey' than in 'Sharpblue' and coincided with the each level of cold hardiness. Of the detected soluble sugars, glucose, fructose and raffinose were strongly associated with cold hardiness in both cultivars (Table 2) , which is consistent with previous studies conducted with several species including oak (Morin et al. 2007 ) and quaking aspen (Cox and Stushnoff 2001) . Sucrose and stachyose were not correlated with cold hardiness of the two highbush blueberry cultivars (Table 2 ). However, sucrose was reported to be the most abundant soluble sugar during CA and be associated with cold hardiness in red raspberry (Palonen et al. 2000) , while stachyose was associated with cold hardiness in forsythia (Flinn and Ashworth 1995) . The difference in major soluble sugars indicated species-specific differences in carbohydrate metabolism during CA.
In conclusion, the results in the present study suggest that intraspecies differences in the cold hardiness of highbush blueberries are associated with total soluble sugar content, which is driven at least partly by differential expression of VcBMY. They also provide a clue that β-amylase could be a promising candidate gene to be introduced for enhancing cold hardiness during highbush blueberry breeding programs.
